Early language delay has often been associated with atypical language/literacy development. Neuroimaging studies further indicate functional disruptions during language and print processing in school-age children with a retrospective report of early language delay. Behavioral data of 114 5-year-olds with a retrospective report of early language delay in infancy (N = 34) and those without (N = 80) and with a familial risk for dyslexia and those without are presented. Behaviorally, children with a retrospective report of early language delay exhibited reduced performance in language/reading-related measures. A voxelbased morphometry analysis in a subset (N = 46) demonstrated an association between reduced gray matter volume and early language delay in left-hemispheric middle temporal, occipital, and frontal regions. Alterations in middle temporal cortex in children with a retrospective report of early language delay were observed regardless of familial risk for dyslexia. Additionally, while children with isolated familial risk for dyslexia showed gray matter reductions in temporoparietal and occipitotemporal regions, these effects were most profound in children with both risk factors. An interaction effect of early language delay and familial risk was revealed in temporoparietal, occipital, and frontal cortex. Our findings support a cumulative effect of early behavioral and genetic risk factors on brain development and may ultimately inform diagnosis/treatment.
Introduction
The beginning of a child's acquisition and command of language is marked by milestones such as producing first words (∼12 months) and first sentences (∼2 years; Zubrick et al. 2007 ). However, up to 19% of all children arrive at these milestones later than expected (Horwitz et al. 2003; Zubrick et al. 2007) . These children are identified as language delayed and often referred to as late talkers Zubrick et al. 2007; Fernald and Marchman 2012) . Previous research has shown that language abilities in early development predict later language and literacy skills (Rescorla 2000 (Rescorla , 2002 (Rescorla , 2009 Lyytinen et al. 2005; Puolakanaho et al. 2008) . Furthermore, early language delay has been identified as a precursor of clinically significant language-based learning disabilities, such as developmental dyslexia and specific language impairment (SLI) (Scarborough 1990; Pennington and Bishop 2009; Hayiou-Thomas et al. 2010; Torppa et al. 2010; McBride-Chang et al. 2011 ).
January
Expressive and receptive language skills, as well as phonological processing and rapid automatized naming, are some of the strongest predictors of later reading and language abilities (Gallagher et al. 2000; Pennington and Lefly 2001; Snowling et al. 2003; Puolakanaho et al. 2008; Flax et al. 2009) . Similarly, longitudinal studies have linked delays in speech production and perception in infancy (i.e., receptive or expressive language) to deficits in receptive language, verbal memory, phonological skills, rapid naming, and letter knowledge (Guttorm et al. 2005; Guttorm et al. 2010) . For example, an infant's delay in language production, as measured by vocabulary at 18 months of age, predicts vocabulary growth by 30 months (Fernald and Marchman 2012) . Infants identified with language delay (e.g., measured by onset of talking) continue to show performance deficits on various language and literacy assessments as they grow older Rice et al. 2008; Skibbe et al. 2008) . Such differences are detectable from early childhood until adolescence (Rescorla 2000 (Rescorla , 2002 (Rescorla , 2005 (Rescorla , 2009 ). These variations in behavioral measures are independent of nonverbal cognitive abilities or socioeconomic status (Gallagher et al. 2000; Zubrick et al. 2007) .
Even though most language impairments have a known biological basis (e.g., Newbury and Monaco 2010; Reilly et al. 2010) , there is limited evidence on the neuronal underpinnings of early language delay. Preston et al. investigated the effects of both late talking and early speech sound errors on language and literacy outcomes in elementary school. Their research linked these early dysfunctions with functional (Preston et al. 2010 (Preston et al. , 2012 and structural brain alterations (Preston et al. 2014) in school-aged children. In particular, neuronal alterations were identified in regions including bilateral thalamus, putamen, left insula, and middle/superior temporal and occipitotemporal gyrus during tasks of language perception and reading (Preston et al. 2010 (Preston et al. , 2012 . This finding was corroborated by structural alterations in similar regions, including increases in gray (bilateral superior temporal gyrus) and white (corpus callosum) matter volume indices (Preston et al. 2014) . Evidence of the neural basis of early language delay is also based on studies in SLI (Bishop and Snowling 2004; Sheng and McGregor 2010) or the "KE" family (a family with high rates of speech and language disorders in combination with a mutation in the FOXP2 gene [Watkins et al. 1999; Lai et al. 2003 ]). Voxelbased morphometry (VBM) has, for example, revealed bilateral structural brain volume reductions in SLIs in various regions within the anterior (Plante et al. 1991; Clark and Plante 1998) and posterior (Plante et al. 1991; Preis et al. 1998; Vargha-Khadem et al. 1998; Belton et al. 2003; Herbert et al. 2005; Leonard et al. 2006) components of the left-hemispheric perisylvian language areas.
In summary, research on early language delay shows that toddlers' language abilities predict subsequent language and literacy skills and that early language delay has been linked to differential brain functions as observed in elementary school children who previously experienced early language delay (e.g., Preston et al. 2010 Preston et al. , 2012 . To the best of our knowledge, unlike functional findings, no reports about the effects of early language delay on brain structure in preschoolers or kindergarteners exist. Therefore, our first aim is to replicate previous behavioral findings through indepth behavioral characterization of cognitive and language skills, as well as home literacy and socioeconomic variables in preschoolers/kindergarteners with a retrospective report of early language delay and those without. Second, we aim to examine structural brain characteristics in preschool children with and without a retrospective report of early language delay. Based on behavioral literature (Rescorla 2000 (Rescorla , 2002 (Rescorla , 2009 Rescorla et al. 2000a; Lyytinen et al. 2005; Puolakanaho et al. 2008) , we expect that a retrospective report of early language delay as observed in infancy can still differentiate children on measurements of expressive and receptive language abilities in preschool/kindergarten. Based on the study of functional alterations in children with early language delay (Preston et al. 2010 ) and early speech sound errors (Preston et al. 2012) , we further expect that children with a retrospective report of early language delay exhibit structural brain alterations, particularly in areas known to be integral to expressive language skills (e.g., temporal lobe).
Research also indicates that children with a familial risk for reading and language impairments commonly show early language delay (McBride-Chang et al. 2011; Nash et al. 2013) . For example, compared with typically developing controls, children at familial risk for dyslexia have a heightened risk for early language delay. As early as 17 months of age, there are significant reductions in vocabulary size and syntactic complexity in infants at familial risk for dyslexia (Koster et al. 2005) . In preschool-age children, familial risk for dyslexia was found to be predictive of reading outcome (Thompson et al. 2015) and at-risk status was shown to predict later reading abilities (Duff et al. 2015) . Therefore, as a third aim, we intend to disentangle common and distinct effects of a retrospective report of early language delay and familial risk for dyslexia on brain structure in preschoolers/kindergarteners. Alterations in brain structure and function have previously been reported in preschoolers with a familial risk for dyslexia compared with those without a familial risk (Maurer et al. 2003; Blau et al. 2009; Maurer et al. 2011; Raschle et al. 2011; Raschle et al. 2014; Im et al. 2015) . Furthermore, previous studies have suggested that individual differences in language skills arise from various causal factors (Rescorla and Achenbach 2002; Oliver et al. 2004) , where each single factor may have a small impact; however, progressive accumulation of genetic, behavioral, and environmental risk factors may increase the risk for language difficulties exponentially (Henrichs et al. 2011) . Therefore, we hypothesize that behavioral (retrospective report of early language delay) as well as genetic (familial risk for dyslexia) risk will lead to shared and distinct variations in brain structure and behavioral skills, with the strongest/most widespread alterations in those children who have a concurrent risk for dyslexia and early behavioral risk factors (e.g., a retrospective report of early language delay). Our results may elucidate alterations associated with later, persistent deficits and thereby contribute to efforts to improve early identification and intervention practices.
Materials and Methods

Subjects
All participants included in the current analysis are part of a longitudinal ongoing study at Boston Children's Hospital investigating early differences in children with a familial risk for dyslexia compared with children without a familial risk for dyslexia (Boston Longitudinal Study of Dyslexia, BOLD). Potential participants were recruited by means of public notices, the Boston Children's Hospital Research Participant Registry, local public and private schools, as well as learning disability clinics. Participating families are invited for 2 visits per year, one behavioral standardized testing session and one neuroimaging session. As part of our longitudinal study protocol, we explicitly recruited children with and without a familial risk for dyslexia. Familial risk for dyslexia, however, is known to be associated with higher reports of early language delay (Zubrick 2007; Reilly et al. 2010) .
There is wide variation in the use of the term "language delay" across different studies. The most common practices are to either use self-report or objective measures (in longitudinal studies) in order to determine past risk status. In the current report, we use the term "retrospective report of early language delay" to refer to a delay in language development as retrospectively indicated by parents ("To the best of your knowledge, did your child experience any delays in language development?" Multiple Choice Answer Format [yes/no] ). Because we relied on a categorical retrospective report (early language delay: yes/no) for determining group classification, converging evidence from the parent questionnaire was sought to validate the groups. Consequently, a retrospective report of early language delay was linked to 2 additional items on the developmental questionnaire: age when the child produced his/her first words and age when the child produced his/her first sentences (significant Pearson correlation of P < 0.001; see Supplementary Tables I1/I2 ). All 3 variables have individually been used to quantify early language delay in past research (e.g., Rescorla et al. 2000b; Rescorla and Alley 2001; Rice et al. 2006; Zubrick et al. 2007; Preston et al. 2010; Pecini et al. 2011) . Furthermore, all 3 variables are known to predict later language and literacy performance (Scarborough 1990; Lyytinen et al 2001; Lyytinen et al. 2005; Torppa et al. 2010; McBrideChang et al. 2011) . However, no linear developmental trajectory of early behavioral characteristics and later language abilities exists (Scarborough 1990; Storch and Whitehurst 2002; McGuiness 2005; Flax et al. 2009; Torppa et al. 2010; Rescorla 2011) .
Overall, parents of 117 children reported on their children's early language development by means of a questionnaire. Those children who scored below average during tests of nonverbal IQ (standard score of <85; Kaufman Brief Intelligence Test, 2nd edition [KBIT-2]; Kaufman and Kaufman 1997) or did not complete IQ assessments (N = 3) were removed from further statistics. In order to examine the influence of familial risk factors for reading and language disabilities, we further grouped all children according to familial risk for dyslexia. Children with at least 1 first-degree relative with a report of a clinical diagnosis of developmental dyslexia were labeled as children at familial risk for dyslexia; children with no first-degree relative with developmental dyslexia or reading disability were labeled as no-risk. The familial risk variable was assessed in a prescreening interview. All procedures were approved by the local Institutional Review Board, and informed written consent and verbal assent were given by parents and children, respectively.
Behavioral Group Characteristics and Demographics
In the current publication, we present data on 2 groups of subjects. Data from 114 children were included in a behavioral analysis ("BEH group"). A smaller subset of 46 children was included in our voxel-based morphometry analysis ("VBM group"). Group characteristics and matching procedures are described in the following sections.
BEH Group
A total of 114 (59 boys/55 girls) 65.6-month-old, healthy, native English-speaking children with a retrospective report of early language delay (N = 34; boys = 24/girls = 10; average age = 65.5 months; 22 with a familial risk for dyslexia and 12 without a risk) and those without (N = 80; boys = 35/girls = 45; average age = 66.0 months; 26 with a familial risk for dyslexia and 54 without a risk) completed standardized behavioral testing. Katzir 2009 ). All of the children were monolingual. Fifteen families reported some exposure to a second language in a daycare, nanny or preschool setting; however, we assured that the amount and onset of exposure did not qualify these children as simultaneous bilinguals (having learned 2 languages from birth [Costa and Sebastian-Galles 2014] ). None of the families reported any history of neurological or psychological disorder, head injury, or poor vision or hearing.
VBM Group
The majority of all 114 children further completed a pediatric neuroimaging session, including several functional MRI tasks as well as structural image acquisition. However, not every structural or functional task was available for every child due to compliance issues or data quality. Of the 34 children with a reported early language delay, 23 successfully completed structural image acquisition (13 with a familial risk for dyslexia and 10 without a risk; average age = 67.08 months; boys = 16/girls = 7). For consequent VBM analysis, a control group of children with no retrospective report of early language delay (N = 23; 13 with a familial risk for dyslexia and 10 without a risk; average age = 66.45 months; boys = 16/girls = 7) was selected to best match the experimental group with a retrospective report of early language delay, considering distribution of gender, age, familial risk for dyslexia, and general cognitive ability. The 2 groups did not differ significantly in gender, age, familial risk for dyslexia, or general cognitive ability (P>0.05). One child in each group was exposed to some Spanish within a school or daycare setting (both children with a familial risk for dyslexia) but did not fulfill criteria for simultaneous bilingualism (Costa and Sebastian-Galles 2014) . Neuroimaging and behavioral testing were conducted during separate visits. Both sessions were performed on average within 6.57 weeks of each other (6.71 weeks for the group with a retrospective report of early language delay and 6.42 weeks for the group without a report of early language delay).
Imaging Procedure
Prior to neuroimaging, all children underwent an extensive preparation session within a mock-scanner environment (see also Raschle et al. 2009; Raschle, Zuk, Ortiz-Mantilla et al. 2012 ). Whole-brain structural T1-weighted MPRAGE MRI sequences were acquired on a Siemens 3T whole-body scanner with the following specifications: 128 slices, TR 2000 ms; TE 3.39 ms; TI = 900 ms; flip angle 9°; field of view 256 mm; voxel size 1.0 × 1.0 × 1.3 mm.
VBM Analysis and Statistics
We utilized the voxel-based morphometry toolbox (VBM8; http:// dbm.neuro.uni-jena.de/vbm) as implemented in SPM8 http:// www.fil.ion.ucl.ac.uk/spm/) and executed in MATLAB (Mathworks). All images were bias-corrected, normalized using the high-dimensional DARTEL approach and segmented into gray matter, white matter, and cerebrospinal fluid. Quality control was performed on all images through a visual check, as well as by displaying the sample homogeneity using standard deviations through the VBM toolbox. Volumes with an overall covariance below 2 standard deviations were visually inspected (high covariance values indicate data similarity; for VBM manual and details, see http://dbm.neuro.uni-jena.de/vbm8/VBM8-Manual.pdf ). One T1 image from a control participant did not pass quality control, and the subject was replaced (since the number of children without early language delay exceeded the number of children in the experimental group, we were able to select the best matching control group from a pool of participants). Finally, the modulated (nonlinear only) dartel-warped segmented gray matter images were smoothed with an 8-mm full-width at half maximum isotropic Gaussian kernel.
The modulated smoothed gray matter volumes were analyzed using a flexible full-factorial 2 × 2 × 2-design, with factors early language delay (early language delay/no early language delay; 2 levels) and familial risk for dyslexia (familial risk for dyslexia/no familial risk for dyslexia; 2 levels). We performed F-tests (P < 0.005, uncorrected) to investigate main effects of a retrospective report of early language delay, familial risk for dyslexia and the interaction effects between early language delay and familial risk for dyslexia. Follow-up two-sample T-tests were employed to investigate group effects further. The degrees of freedom were 42 for all comparisons.
Results
Behavioral Results
Behavioral group differences between children with a retrospective report of early language delay compared with those without a retrospective report of early language delay included in the behavioral and neuroimaging analysis are listed in Table 1 ("BEH group") and Table 2 ("VBM group"). Overall, children with a retrospective report of early language delay compared with those without and children with a familial risk for dyslexia compared with those without do not differ significantly in assessments targeting socioeconomic status (e.g., total family income or parental education) or home literacy environment (e.g., total number of adult books at home, time a child is read to, help with schoolwork; all P > 0.05). However, there is one question that differs in both "BEH" and "VBM" groups: The total number of children's books at home is higher for the group of children with a retrospective report of early language delay. Since 1) this is the only home literacy environment variable that exhibited a differences between the groups and 2) the effect is in favor of the group with a retrospective reported language delay, it is very unlikely that it has influenced our final results (for a complete overview of socioeconomic status and home literacy environment questions, see Supplementary Tables I3/I4 and I5/I6 ). All participants were tested prior to or during the first year of kindergarten and the majority of the children tested were still pre-or beginning readers. Most children only recognized a few or no isolated sight words during the time of neuroimaging (average number of sight words recognized according to the Word Identification subtest of the Woodcock Reading Mastery Tests-Revised = 3.14 words, range = 0-43; average numbers of sight words in children without an early language delay: 3.55, range = 0-43; average numbers of sight words in children with an early language delay: 2.18, range = 0-24). According to the retrospective parent reports, we identified 24 boys and 10 girls as early language delayed (for the "BEH group", 16 boys and 7 girls were described in retrospective parent report as having early language delay within the "VBM group"). Our groups are in line with studies that indicate a higher prevalence of early language delay in boys compared with girls (Rescorla and Achenbach 2002; Horwitz et al. 2003; Zubrick et al. 2007) . Developmentally, it is further notable that our grouping variable (reported early language delay) was strongly associated with categorical reports on the children's first words and first sentences produced but also linked to motoric development (significant Pearson correlation between the variables language delay, first word/sentence spoken [P ≤ 0.001] and age the child started walking [P = 0.016]; see Supplementary Tables I1/I2 ). *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.
Multivariate Testing
Various previous studies have reported differences in nonverbal IQ in children with early language delay. Furthermore, children with early language delay in combination with concurrent cognitive delay have the poorest prognosis for later language and literacy outcomes (Stothard et al. 1998; Young et al. 2002; Preston et al. 2010) . Therefore, we decided to conduct multivariate analysis of covariance (MANCOVAs) on different language and reading measures (including CELF-4, CTOPP, RAN, and WRMT-R) using nonverbal IQ (KBIT-2) as a covariate. The MANCOVA model testing the effect of a retrospective report of early language delay on expressive and receptive language skills (CELF-4 performance; all subscales) was significant (F 4,101 = 4.04, P = 0.004). Moreover, the follow-up ANCOVAs within the MANCOVA model revealed that children with a retrospective report of early language delay performed significantly lower than children with no delay on all CELF-4 indices (including core language [F 1,105 = 10.81, P = 0.001], receptive [F 1,105 = 8.60, P = 0.004], and expressive language [F 1,105 = 13.02, P ≤ 0.001], as well as language structure [F 1,105 = 12.68, P = 0.001]). The main model (MANCOVA) for CTOPP, RAN, and WRMT-R failed to reach significance (see Table 1 ). The same analysis for the 46 children included in our "VBM Group" did not reach significance (P > 0.05 for all) ( Table 2 ). The effect sizes ( partial eta squared) for group differences between children with a retrospective report of early language delay compared with those without a delay are displayed in Figure 1 .
Using a 2×2 MANCOVA, we further examined performance including both retrospective report of early language delay and familial risk for dyslexia as grouping variables (see Table 3 ). The MANCOVA revealed a main group effect for the group with a retrospective report of early language delay on CELF-4 performance (F 4,99 = 2.61, P = 0.040), and a main group effect of familial risk for dyslexia on WRMT-R performance (F 2,106 = 12.07, P < 0.001). No interaction effect reached significance. Follow-up ANCOVAs on the main effect of the early language delay group disclosed that children with a retrospective report of early . Moreover, the follow-up ANCOVAs on the main effect of familial risk for dyslexia revealed that children with a familial risk performed significantly lower on the letter identification subscale of the WRMT-R (F 1,108 = 22.93, P < 0.001). None of the other MANCOVAs on group effects and none of the MANCOVAs on interaction effects reached significance. To summarize, the present study demonstrates that children with a retrospective report of early language delay in infancy display reduced behavioral performance on several language and reading-related measures, including expressive and receptive language skills.
Neuroimaging Results: VBM
Voxel-based morphometry (VBM8) revealed alterations in gray matter volume indices when comparing children with a retrospective report of early language delay to those without a report of early language delay. Our results indicate shared but also distinct influences on brain structure through early language delay and familial risk, respectively. A detailed overview of the results is given below. Overall, there are no differences in total gray matter volume between children with a retrospective report of early language delay compared with those without (P = 0.773).
Main Effect of Early Language Delay
Main effects of a retrospective report of early language delay were identified in left-hemispheric temporal (anterior fusiform/ parahippocampal gyrus), occipital (middle occipital gyrus/ cuneus), and frontal (middle frontal/precentral gyrus) brain regions, as well as left putamen and caudate ( Fig. 2A and Table 4 ). Children with a retrospective report of early language delay showed a significant reduction in gray matter volume in middle temporal and middle occipital gyrus (Fig. 2A) . Comparing the effects of early language delay in children with familial risk for dyslexia to those without a familial risk resulted in reduced gray matter volume in overlapping, but also distinct regions of the brain. In particular, T-tests revealed reduced gray matter volume mainly in left-hemispheric middle temporal brain regions for children without a familial risk for dyslexia, but with early language delay compared with those without (Fig. 2B ). Children at familial risk for dyslexia with a retrospective report of early language delay compared with those without early language delay demonstrated reduced gray matter volume in the same temporal brain areas but exhibited additional reductions in regions including temporoparietal and occipitotemporal brain areas (Fig. 2C ).
Main Effect of Familial Risk of Dyslexia
A main effect of familial risk for dyslexia was observed in superior/inferior/middle frontal gyri, including the anterior cingulate; in occipitotemporal brain regions, including the fusiform gyrus/ cuneus; in parietal brain regions, including the precuneus and supramarginal and angular gyri; and in temporal brain regions, including the superior/middle temporal gyrus, in correspondence with previous publications (Fig. 3A ; Raschle et al. 2011) . Post hoc investigations of the effects of familial risk of dyslexia in children with a retrospective report of early language delay compared with those without indicated reduced gray matter volume in both overlapping and distinct regions of the brain. In particular, children without an early language delay but with a familial risk for dyslexia displayed gray matter volume reductions in temporoparietal and occipitotemporal regions when compared with children with neither a retrospective report of early language delay nor a familial risk for dyslexia (Fig. 3B) . In children with a retrospective report of early language delay, these alterations (gray matter volume reductions) in children with a familial risk for dyslexia compared with those without a familial risk for dyslexia were much more prominent and widespread but similarly include posterior dorsal and ventral components of the reading network (Fig. 3C) .
Interaction of Early Language Delay and Familial Risk for Dyslexia
While main effects of familial risk for dyslexia and main effect of early language delay are able to indicate brain regions independently affected by each factor, a significant interaction effect highlights those areas that are affected through both familial risk and language factors combined. Here we observed a significant interaction effect for familial risk for dyslexia and a retrospective report of early language delay in brain areas including bilateral temporoparietal (inferior/middle occipital gyrus), occipital (inferior occipital gyrus), and frontal (inferior/middle frontal gyrus) regions (Fig. 4 and Table 5 ).
Discussion
The present study demonstrates that children with a retrospective report of early language delay in infancy behaviorally display reduced performance on language and reading-related measures (e.g., expressive and receptive language). In terms of brain structure, children with a retrospective report of early language delay exhibit alterations in gray matter volume in the left middle temporal, occipital, and frontal regions when compared with typically developing control children. When considering familial risk for dyslexia within the same analysis, our results indicate that a retrospective report of early language delay similarly affects gray matter volume indices in middle temporal brain regions in both children with a familial risk for dyslexia and those without. However, children with both a familial risk for dyslexia and a retrospective report of early language delay additionally display gray matter volume reductions in language-related brain areas, including temporoparietal and occipitotemporal brain regions. Furthermore, we replicate findings of structural brain alterations in left-hemispheric language-and reading-related brain regions in children at familial risk for dyslexia (Gabrieli 2009; Raschle et al. 2011) . However, effects of familial risk for dyslexia are more prominent in children with a retrospective report of language delay, as opposed to the effect of familial risk for dyslexia in children without an early language delay. Finally, an interaction effect of a retrospective report of early language delay and familial risk for dyslexia was observed in temporoparietal and inferior occipital brain regions. Our findings are in line with and support studies suggesting cumulative effects of early behavioral and genetic risk factors on brain structure (Henrichs et al. 2011 ).
Effects of a Retrospective Report of Early Language Delay and Dyslexia Risk on Preschool Abilities
Our whole-group behavioral subtype analysis in 114 children revealed that children with a retrospective report of early language delay performed significantly lower than control children on several language-related measures, including expressive and receptive language skills, core language, and language structure. Our results align with various longitudinal behavioral research studies that indicate deficits in expressive language skills in children with late language onset (Scarborough 1990; Rescorla 2000 ; Table 3 Effects of retrospective report of early language delay and familial risk for dyslexia (2 × 2 MANCOVA) on language measures of all children included in the behavioral analysis ("BEH group") Note: GMVI, gray matter volume indices; L, left. Rescorla et al. 2000a; Rescorla 2002; Lyytinen et al. 2005; Puolakanaho et al. 2008; Rescorla 2009; Torppa et al. 2010; McBride-Chang et al. 2011) . Within the group of children with a familial risk for dyslexia tested here, we found significantly lower scores on nonverbal IQ and letter knowledge/identification as opposed to their typically developing peers. This is in line with a range of previous publications on children with dyslexia compared with those without or children with a familial risk for dyslexia compared with those without a risk (Raschle et al. 2011; Norton and Wolf 2012; O'Brien et al. 2012; Raschle et al. 2014; Thompson et al. 2015) . Finally, previous findings demonstrate that a combination of familial risk variables combined with early language delay most strongly impacts reading-related skills Duff et al. 2015) . However, the multivariate analysis for covariance model (2 × 2 MANCOVA) failed to detect an interaction effect. Interestingly, the effect sizes for the behavioral language assessments are lower in the VBM subgroups than those in the overall behavioral group (see Fig. 1 ), which may be due to overall better scores in children with higher language scores or a self-selection bias for the imaging part of the study. While the effects are substantial, the VBM results should nevertheless be interpreted with some caution. Research has previously indicated that maternal and family variables, such as socioeconomic status or home literacy environment, may play a role in the onset of language in young children ), though results are controversial and no consensus exists (Rescorla and Alley 2001; Zubrick et al. 2007 ). Since we did not observe differences in socioeconomic status or home language environment across the groups of children with a retrospective report of early language delay compared with those without, we assume that the observed differences are not due to familial background variables. However, a potential bias of the current group is the overall high socioeconomic status of all children participating. Moreover, it is notable that early language delay and early motoric delays often co-exist during infancy (Trauner et al. 2000) . Our results corroborate this finding and support a link between early language and early motor development (Hill 2001; Webster et al. 2005; Viholainen et al. 2006) .
Main Effects of a Retrospective Report of Early Language Delay on Brain Structure
Brain areas that show a main effect of retrospective report of early language delay include left-hemispheric middle temporal/ limbic (fusiform/parahippocampal gyrus and caudate), occipital (middle occipital gyrus/cuneus), and frontal (middle frontal/precentral gyrus) brain regions, as well as the left putamen. Research has demonstrated that structural and functional alterations in regions including inferior frontal and temporal areas or nucleus caudatus can differentiate adults with speech and language disorders from typical controls (Watkins et al. 2002; Badcock et al. 2012) . For example, SLI in adulthood has been linked to gray matter volume reductions in the head of the caudate bilaterally (Watkins et al. 2002) . In line with our findings, studies using VBM or diffusion tensor imaging in individuals with SLI have demonstrated both gray matter volume decreases and increases related to language deficits (Jancke et al. 2007; Soriano-Mas et al. 2009; Badcock et al. 2012) , in the putamen (Badcock et al. 2012) and bilateral superior temporal cortex (Soriano-Mas et al. 2009; Badcock et al. 2012) . During typical development, brain maturation is reflected by gray matter volume increases in frontal brain regions caused by an initial overproliferation due to axonal pruning (Huttenlocher and Dabholkar 1997) . We thus hypothesize that comparable mechanisms, in particular a disturbance in early development, may hence be responsible for the alterations within frontal brain regions, as suggested by others before (Badcock et al. 2012 ). Functional MRI evidence demonstrates that the majority of brain regions impacted here play a significant role in skilled reading (for reviews, see Schlaggar and McCandliss 2007; Peterson and Pennington 2012; Price 2012) and language (e.g., De Guibert et al. 2010; Turken and Dronkers 2011) . For example, middle temporal brain areas of the left hemisphere are similarly recruited when accessing semantics, building semantic associations (Meyer et al. 2005) , listening passively (Binder et al. 1996) , or comprehending sentences (Bottini et al. 1994; Jobard et al. 2007 ). The parahippocampal gyrus, involved in social causality/context (Ethofer et al. 2011; Baetens et al. 2013 ) and recognition of scenes (Aguirre et al. 1996) , has also been linked to semantic production and recognition (Binder et al. 2009; Karunanayaka et al. 2011) . Additionally, occipitotemporal brain areas have been found to be crucial for visual (Cohen et al. 2002) or auditory word processing (Cohen et al. 2004 ) and object naming (Price et al. 2006) and are suggested loci for the so-called visual word form area, activated during skilled reading (Cohen et al. 2002; Jobard et al. 2003) .
Our findings of a main effect of a retrospective report of early language delay on brain structure in left-hemispheric middle temporal, occipital, and frontal brain regions are also in line with functional neuroimaging evidence during speech-and language-related tasks in typically and atypically developing children and adolescents. For example, Preston et al. (2010) demonstrated that neuronal activation patterns during speech comprehension and reading were reduced in bilateral thalamus and putamen, left insula, and superior temporal gyrus in elementary school children with a report of early language delay. In line with this finding, Pecini et al. (2011) revealed that individuals with dyslexia and a history of early language delay presented reduced neuronal activation patterns in left inferior and medial frontal gyrus during rhyme generation (Pecini et al. 2011 ) compared with those with dyslexia without early language delay. Combining previous functional neuroimaging findings with the present structural results, we conclude that the functional characteristics reported previously (Preston et al. 2010 (Preston et al. , 2012 may originate from the here identified structural deficits in middle temporal brain regions.
Main Effects of Familial Risk for Dyslexia on Brain Structure
In the current study, we identified main effects of familial risk for dyslexia on gray matter volume in widespread bilateral cortex areas, with the strongest effects throughout language and reading-related brain regions (McCandliss and Noble 2003) , in alignment with previous work (Specht et al. 2009; Blau et al. 2010; Brem et al. 2010; Raschle et al. 2011; Yamada et al. 2011; Raschle et al. 2014) . Interestingly, when dividing the groups with and without a familial risk for dyslexia further into those with a retrospective report of early language delay and those without, the most prominent deficits due to familial risk for dyslexia seem to exist in children who also have a report of early language delay. This finding is in line with studies in Italian-speaking children with a reported early language delay, where the research team observed more profound deficits in the neuronal representation of phonological processing in children with a diagnosis of dyslexia and language delay (Pecini et al. 2011 ).
Interaction Effects of Language Delay and Dyslexia Risk on Brain Structure
It has been demonstrated that a combination of reported early language delay and familial risk for dyslexia is strongly associated with a subsequent dyslexia diagnosis, beyond the 2 risk factors individually (McBride-Chang et al. 2011) . In particular, the risk of developing a dyslexia diagnosis for children with a familial risk for dyslexia increases from 50% up to 62% if language delay is diagnosed as well (McBride-Chang et al. 2011 ). Here, we show an interaction effect of early language delay and familial risk for dyslexia in temporoparietal and inferior occipital brain regions. Both brain regions have repeatedly been shown to be impacted in children at familial risk for dyslexia (gray matter volume reductions or functional hypoactivations) and are similarly affected in individuals with language deficits (Specht et al. 2009; Blau et al. 2010; Brem et al. 2010; Pecini et al. 2011; Raschle et al. 2011; Yamada et al. 2011; Raschle et al. 2014) . Here, we replicate reports that temporoparietal and inferior occipital brain regions are affected as a consequence of genetic vulnerability to dyslexia. Furthermore, these effects are boosted if early language delay is added as a risk variable.
A Cumulative Risk Model of Early Language Delay and Familial Risk for Dyslexia
Speech and language disabilities are known to occur in a variety of childhood disorders and exhibit very complex, multifaceted etiologies (Bishop 2009 ). In the current study, we have demonstrated that familial risk for dyslexia and a retrospective report of early language delay are both risk variables associated with later structural brain alterations. Both behavioral and neuroimaging work have led to the conclusion that individual differences in language skills arise from various causal factors (e.g., genetic or environmental causes [Rescorla and Achenbach 2002; Oliver et al. 2004] ). However, population-based models (e.g., Rescorla 2002; Bishop et al. 2003; Reilly et al. 2007; Henrichs et al. 2011) testing predictors of early language delay have led to varying findings and much variance remains unexplained. For that reason, Henrichs et al. (2011) suggest a cumulative risk model for language disabilities in which single factors may have a small impact on the persistence of expressive language difficulties, but progressive accumulation of genetic, behavioral, and environmental risk factors may increase the risk for language difficulties exponentially (Henrichs et al. 2011) . Our results are in favor of such a cumulative model, demonstrating the strongest impact on brain structure through an accumulation of early language delay and familial risk factors. While genetic impacts with different trajectories of brain development can be speculated (Galaburda et al. 2006; Giedd and Rapoport 2010; Raschle et al. 2011) , only longitudinal study designs starting in early infancy can test when exactly these alterations manifest, how they develop and whether biological variables, such as early brain structure, will add to the predictive value of current models as indicated by previous studies (Hoeft et al. 2011) .
Limitations
There are a number of limitations to this research study. First, language delay and familial risk studies have previously either used self-report or objective measures in order to determine risk status (Nash et al. 2013 ). Similar to previous reports, the current paper describes children with a retrospective report of early language delay and children without (as employed in Rescorla and Alley 2001; Zubrick et al. 2007; Preston et al. 2010; Preston et al. 2012 ) and self-reported familial risk of dyslexia (as employed in Brem et al. 2010; Richardson 2009; Raschle, Zuk, Ortiz-Mantilla et al. 2012; Im et al. 2015) . It must be noted that the children have no current diagnosis of either language delay or developmental dyslexia. An infant's language delay, as a study construct, is commonly quantified by expressive variables (e.g., first words/first sentences spoken, vocabulary size, or mean length of utterance), or receptive language measures (e.g., following simple commands or phonological processing skills as assessed via head-turn or sucking rates; Zubrick et al. 2007; Rice et al. 2008; Preston et al. 2010; Beckage et al. 2011) , which are known to predate later language and literacy skills (Scarborough 1990; Lyytinen et al. 2001; Lyytinen et al. 2005; Torppa et al. 2010; McBride-Chang et al. 2011) . However, no linear developmental trajectory of early behavioral characteristics and later language abilities exists (Scarborough 1990; Storch and Whitehurst 2002; McGuiness 2005; Flax et al. 2009; Torppa et al. 2010; Rescorla 2011) . Specific long-term impacts of early language delay are subtle and at times difficult to isolate (Paul 1996 (Paul , 2000 Rescorla 2000 Rescorla , 2009 Rescorla , 2011 Thal et al. 2005; Moyle et al. 2007; Rice et al. 2008; Preston et al. 2010 ). Only longitudinal designs will allow characterization of the precise developmental trajectories and thus any of the current findings and interpretations is limited to the identified groups.
Second, we report data on 2 groups of children. A behavioral group (N = 114) and a subgroup of children with neuroimaging assessments, additionally matched for familial risk for dyslexia and retrospective report of early language delay (N = 46). This investigation leads to relatively small sample sizes in each subgroup; therefore, the representative extent of the smaller sample ("VBM") relative to the larger group ("BEH") may be questioned. Furthermore, even though a retrospective report of early language delay results in significantly lower scores on behavioral measures, the scores of those children with a retrospective report of early language delay are not below average performance and thus not clinically significant (below 1 standard deviation from the mean). It also needs to be noted that we do not yet know how many of the children at risk will develop a clinical diagnosis of dyslexia. However, we see here an effect in a group of children at risk for dyslexia, of which only ∼50% will receive a clinical diagnosis (Pennington and Gilger 1996) . This highlights the possibility that the observed differences might be even stronger when excluding those children who do not develop a diagnosis later on.
With consideration of the given limitations, an increased understanding of the neuronal characteristics of children with a retrospective report of early language delay compared with those without can nevertheless inform us about the observed variances in the behavioral phenotype across development and may further complement our understanding of language and literacy development in children at risk for developmental disabilities. We aim to facilitate the understanding of the neuronal basis of typical and atypical language development and improve understanding of the etiology and complex relationship of different language disorders, ultimately leading to improvements in diagnosis and treatment for individuals with a clinical diagnosis of such.
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